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Advanced synthesis of semiconductor nanowires (NWs) enables their application in diverse fields,
notably in chemical and electrical sensing, photovoltaics, or quantum electronic devices. In partic-
ular, Indium Arsenide (InAs) NWs are an ideal platform for quantum devices, e.g. they may host
topological Majorana states. While the synthesis has been continously perfected, only few tech-
niques were developed to tailor individual NWs after growth. Here we present three wet chemical
etch methods for the post-growth morphological engineering of InAs NWs on the sub-100 nm scale.
The first two methods allow the formation of self-aligned electrical contacts to etched NWs, while
the third method results in conical shaped NW profiles ideal for creating smooth electrical potential
gradients and shallow barriers. Low temperature experiments show that NWs with etched segments
have stable transport characteristics and can serve as building blocks of quantum electronic devices.
As an example we report the formation of a single electrically stable quantum dot between two
etched NW segments.
INTRODUCTION
In the last two decades tremendous progress has
been made in the synthesis of semiconductor nanowires
(NWs). High quality crystals with a precise control of
the geometry, composition and chemical properties en-
abled their application in various fields, like nanoelec-
tronics, photonics, mechanical and biological systems,
sensors or energy harvesting applications [1, 2]. III-V
semiconductor NWs are particularly interesting for fu-
ture quantum electonics applications: the strong elec-
tron confinement potential, the large spin-orbit interac-
tion (SOI) in InAs and InSb and the possibility to create
electrical contacts and strong superconducting proximity
effect allowed the realization of exciting quantum devices.
Examples are spin-orbit qubits, where the strongly cou-
pled spin and orbital degrees of freedom of the electrons
confined in quantum dots (QDs) represent quantum in-
formation [3], Cooper pair splitters, which generate spa-
tially separated but spin entangled electron pairs [4–7],
or quantized charge pumping at GHz frequencies [8]. Re-
cently intense activity was aimed at artificially creating
topologically protected Majorana fermion states [9–13].
The latter relies on engineering a p-wave superconduct-
ing NW segment, exploiting SOI and the proximity effect,
which is a key step towards topologically protected quan-
tum computing. Ongoing experimental challenges call for
exploring new fabrication strategies and the extension of
the toolbox for NW-based circuit architectures.
Usually, the removal of the native semiconductor ox-
ide on the surface of the NWs requires an etch step. This
step is often also used to create a strong electronic doping
of the semiconductor, to avoid Shottky barriers and ob-
tain large carrier densities. However, wet chemical etch
can also be used for the shaping of more sophisticated
structures. For example wet etching has been used to
create nanogaps in InAs–InP [14] and InAs–GaAs [15]
axial heterostructure NWs, taking advantage of the ma-
terial selectivity of the etch process, and in composite
GaAs 2DEG–InAs NW structures for quantum dot and
quantum point contact (QPC) formation [16]. Further-
more, wet etching was used for the partial removal of the
Al shell on InAs–Al core-shell NWs [17, 18].
In this paper we present three wet chemical etching
techniques for the post-growth patterning of homoge-
neous InAs NWs, two of which provide direct ways to
realize self-aligned electrical contacts, while the third
method results in a shallow gradient in the NW geometric
profile as well as in the electrical potential. In addition
to the detailed description of the fabrication methods, we
also report the transport characteristics of the created
structures. These methods allow for example the forma-
tion of smooth adiabatically changing constrictions in the
NW or a narrowing of NW segments next to metallic con-
tacts, highly relevant for the engineering of the electronic
structure in nanometer scale quantum devices.
EXPERIMENTS
We have investigated the NW samples fabricated us-
ing all three methods by a scanning electron microscope
(SEM). In case of the galvanic and alkaline methods, we
have also carried out low-temperature transport measure-
ments on the NW devices equipped with electrical con-
tacts. First we present the generic elements of the sam-
ple fabrication and the overview of the three wet etch
methods. The fabrication processes and the experimen-
tal results of each method are discussed in detail in the
subsequent sections.
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FIG. 1. Schematic, not to scale illustration of the etching
methods. (a) A NW laying on the silicon substrate, covered
by a resist layer, cross sections taken parallel and perpendic-
ular to the NW axis. Due to the imperfect coverage of the
resist the NW is not protected close to the NW–wafer bound-
ary against liquids penetrating in the mask openings. (b-d)
Fabrication procedures yielding a patterned NW with electri-
cal contacts, using (b) piranha, (c) galvanic and (d) alkaline
etching.
NW deposition and electron beam lithography
InAs NWs were grown using molecular beam epitaxy
[19, 20] and dispersed in isopropyl alcohol. A small
amount of the dispersion was dropped onto an oxidized
silicon substrate using a micropipette, the solvent drying
up left the NWs randomly deposited on the surface. The
NWs were localized using metallic markers fabricated be-
forehand and a resist mask was created by electron beam
lithography (EBL).
In all methods polymethyl methacrylate (PMMA) was
used as an e-beam resist. In case of the piranha and
galvanic methods the resist thickness after spin coating
and baking was ∼ 330 nm, while in the alkaline method,
for the etching step the PMMA thickness was reduced
to ∼ 150 nm which allowed us to achieve narrower etch
windows. For the same reason we used an acceleration
voltage of 30 kV for the electron exposure in the latter
case, 20 kV in all others.
Overview of the wet chemical etch methods
After their growth the NWs are transferred onto a sil-
icon wafer and exposed to one of the three processes il-
lustrated in Figure 1. Two of these methods, shown in
Figure 1(b) and (c), named piranha and galvanic etch-
ing, provide the possibility to create electrical contacts
in a self-aligned way, by carrying out a metalization step
prior or subsequent to etching. Here the same litho-
graphic mask is used for the metalization and the wet
etch process, so that the electrical contacts are perfectly
aligned to the etched NW segment. The main difference
between the first two methods is the order of execution
of the metalization and etching steps, which results in
significantly different chemical reaction pathways and a
different etched NW geometry. The third method labeled
alkaline etching, shown in Figure 1(d), exhibits a highly
anisotropic etch profile, creating a conically shaped NW
segment, which results in an adiabatically varying elec-
trical potential and constriction.
Principles of the piranha and galvanic wet etch
methods
In trial experiments we have attempted to thin cer-
tain segments of NWs defined by a lithographic mask.
Narrow strip-like windows were opened in the resist over
several NWs, the samples were etched in a dilute piranha
solution for a few seconds (see solution I in table I), then
rinsed in deionized (DI) water. After dissolving the resist
with aceton the samples were inspected in an SEM. We
found that the resist did not protect the nanowire from
etching: starting from the opening in the resist the so-
lution penetrated below the mask and etched the NW a
few hundred nanometers below the resist. If we carried
out a sulfur passivation step (detailed below) to treat the
surface of the NWs right before the piranha etching, we
ended up with an inverted geometry, shown on Figure
2(a). In this case the NW segments in the mask opening
(marked by lines) were intact, while the NW parts below
the resist were still etched.
We drew two conclusions from these experiments.
First, it is probable that the resist does not cover the
NWs perfectly, a small gap close to the NW-wafer bound-
ary (see Figure 1(a)) allows the piranha solution to pene-
trate below the mask resulting in a serious underetching.
Second, the NW surface treated by sulfur passivation is
resistant against the piranha solution.
3(a)
(b)
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FIG. 2. Illustration of the basic properties of the piranha
etching technique. (a) SEM image of an InAs NW under-
gone sulfur passivation and piranha etching resulting in an
inverted geometry. The white lines mark the NW segments
in the opening of the resist mask which was used for both
wet chemical processes. While the NW parts below the mask
are substiantially thinned, the segments in the resist opening
are practically unaffected. (b) SEM image of an InAs NW
after piranha etching. Ring-like shapes are formed (marked
by arrows), which we attribute to crystallographic inhomo-
geneities.
The surface of InAs NWs is covered by a 2-5 nm thick
native oxide layer [21], the exact value depends on the
details of the growth process. A water-based ammonium
sulfide solution is commonly used for the removal of this
layer [22], which leaves a sulfidized surface with mono-
sulfides, polysulfides and elemental sulfur [23]. The re-
sistance of the sulfur passivated surface against the pi-
ranha solution can thus be interpreted as material se-
lectivity, the sulfidized layer exhibits a much lower etch
rate. While the piranha solution penetrates below the re-
sist, we observe that the ammonium sulfide passivation
is only effective in the resist opening. This feature can be
explained with the different wetting properties of the two
solutions. Furthermore, it has to be noted that while the
native oxide layer is hydrophylic, the sulfidized surface is
hydrophobic [24].
Based on these findings we designed a fabrication pro-
cess to achieve the desired geometry, where the NW is
thinned only in the resist openings. It relies on the sulfur
passivation of the whole NW surface and the reoxidiza-
tion of lithographically defined segments by an oxygen
plasma treatment. This process is illustrated on Fig-
ure 1(b) and presented in detail in the next section.
Additionally, in some cases we have observed ring-like
structures forming on the NWs after piranha etching,
as shown on Figure 2(b), marked by arrows. We be-
lieve that these ring-like features have a crystallographic
origin. Although most of a NW has wurtzite structure,
some NWs have short zinc-blende segments incorporated,
which are revealed in the etching process, because they
TABLE I. Summary of the acidic wet etch solutions. The
amount of DI water, sulfuric acid solution with 2.5 molarity
and hydrogen peroxide with 30% mass concentration is listed
for each solution. Component amounts are scaled for the sake
of easier comparison for 50 ml DI water.
Solution Type H2O 2.5 M H2SO4 30% H2O2
I piranha 50 ml 7.99 ml 0.59 ml
II piranha 50 ml 5 ml 0.5 ml
III piranha 50 ml 12.5 ml 1.25 ml
IV galvanic 50 ml 1.63 ml 0.12 ml
V galvanic 50 ml 0.1 ml -
have a slower etch rate. Having this hypothesis veri-
fied, for example by means of transmission electron mi-
croscopy, a weak piranha etching could be used as a sim-
ple alternative method for the crystallographic inspection
of InAs NWs. Furthermore, the appearance of crystallo-
graphic features has implications on the chemical disso-
lution process, it suggests that it is reaction rate limited,
not diffusion limited [25].
Method I: Piranha etching with self-aligned contacts
Sample fabrication
In this section we present the piranha etching tech-
nique we applied to partially thin InAs NWs. The pro-
cess steps are illustrated in Figure 1 (b). Having the NWs
deposited on the oxidized silicon wafer, we sulfidized their
surface using a highly dilute (∼ 0.2%) aqueous ammo-
nium polysulfide solution (step 1). This sulfidized layer
is illustrated in orange in the figure. Following refer-
ence [22] we prepared first a ∼ 2 % solution by mix-
ing 2 ml commercial reagent-grade 21% (NH4)2S solu-
tion with 18 ml DI water and saturated it by dissolving
∼ 0.19 g elemental sulfur powder. The complete dis-
solution took for about 40 minutes at an elevated tem-
perature. The highly dilute (NH4)2Sx solution for the
sulfidization was freshly prepared before every treatment
by mixing 2 ml of the 2 % solution and 8 ml DI water.
The samples were immersed in this solution for 30 min-
utes at 40 ◦C, then rinsed in DI water. The ammonium
sulfide treatment at such low concentrations is reported
to be self-terminating [22], so that the native oxide layer
is completely removed yet the etching of InAs is negli-
gible. Although the sulfidized layer is remarkably stable
against reoxidation [26], the samples were kept in vac-
uum between process steps to reduce the exposure to air.
We have observed that the position of some NWs on the
substrate changes during the passivation step, some of
them are even lifted from the surface. The remaining
NWs are located with respect to metallic markers and a
mask is created using EBL. To make the NW sections in
4the mask openings susceptible for piranha etching, they
were reoxidized by treating the samples in an Oxford
Plasmalab Reactive Ion Etcher (step 2) [27]. Since the
parameters are machine-specific, for comparison we note
that such a treatment ashes ∼ 25 nm of PMMA as mea-
sured by a profilometer. Following the reoxidization, the
samples were etched in dilute piranha solutions (the com-
positions are given in rows II and III of Table I) for times
varying between 15 and 30 seconds at room temperature
while stirring the solution continuously with a magnetic
stirrer (step 3). Following the etching the samples were
immediately rinsed in DI water. Next, without stripping
the mask, another sulfur passivation step was carried out
(in this case for the sake of ohmic contacts) and metal-
lic leads were vacuum evaporated with a 5/90/10 nm
Ti/Al/Au layer structure (step 4). The evaporation is
followed by lift-off (step 5). We note that the electrical
contact formation here is optional. After piranha etch-
ing the resist can be stripped off in case the leads are not
needed.
Results
Following lift-off the samples were inspected in an
SEM, Figure 3 shows two representative samples. In
Figure 3(a) we present a NW with multiple contacts
(with varying spacing), demonstrating the reliability of
the method, and a zoom into the area marked by the
white rectangle on Figure 3(b). This sample was etched
in solution II for 30 s at 24◦C. The original diameter of
the NW measured on the intact segment is 115 nm and on
the thinned part it is 70 nm. The length u of the etched
segment extending from below the contact, marked by ar-
rows is 60 nm. This length is approximately the same as
the size of the undercut, and therefore we conclude that
the etching is confined in the undercut. We note that
by using a thinner resist layer and/or different resist ma-
terial the undercut and correspondigly, the extension of
the etched segment can be made smaller, but in case a
metallic contact is made in the same lithographic step,
the metal–resist thickness ratio must be considered to
ensure a clear lift-off.
The sharpness of the profile can be defined as the
length of the transition along the NW axis from the
thinnest to thickest (original) diameter, which is also 50–
60 nm.
Figure 3(c) shows another sample which was prepared
similarly as the sample in Figure 3(a-b), but was etched
in a stronger etchant (see solution III in Table I) for 20
seconds at 23◦C. Correspondingly, the etched NW seg-
ment is thinner, it has 25 nm diameter at the thinnest
part. Furthermore, since the metallic layer was evapo-
rated at an angle (direction indicated by the arrow), the
contacts are not centered on the etched segments and the
thin parts are only visible on one side of them, marked
300 nm
300 nm
(a) (b)
(c)
u
FIG. 3. SEM images of NWs thinned with piranha etching
and equipped with self-aligned contacts. (a) NW with sev-
eral contacts. (b) Zoom into the area marked by the white
rectangle in (a). The length of the thinned segment reaching
beyond the contact is denoted by u, and interpreted as the
size of the undercut of the mask. (c) SEM image of another
sample which was etched stronger and the metallic leads were
evaporated at an angle (direction indicated by the arrow).
Because of the asymmetric positioning of the electrodes the
thinned segments are only revealed on the upper side of each
electrode, marked by the triangle and the square.
by a triangle and a square. We conclude that if a sym-
metric geometry is desired, as in Figure 3(a-b), the metal
must be evaporated perpendicularly. On the other hand,
control of the evaporation angle enables the fabrication
of devices with asymmetric geometry.
Method II: Galvanic etching with self-aligned
contacts
The piranha etching technique described in the previ-
ous section yields devices where the NW segments below
the contacts are thinned, resulting in a reduced contact
area between the electrode and the NW, which may be
a drawback for certain applications. In this section we
present a method in which this problem is resolved by
switching the order of etching and metallization.
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FIG. 4. Results of the galvanic method. (a-b) NWs with
ohmic contacts after etching. Even though both NWs went
through the same fabrication procedure, the etching was much
stronger on the device shown in (a). We explain this finding
with a local galvanic element formation which enhances the
etching process, depending on the electrode area Ai (A1 
A2). (c) NW having two electrodes with small areas on the left
and two large electrodes on the right, systemic dependence of
the etch rate is not observable. (d) NW device processed with
the galvanic etch method, electrodes labeled as source (S) and
drain (D). (e) Differential conductance of the device shown
in (d) as a function of bias and backgate voltage. Dashed
lines indicate the edges of a Coulomb diamond with charging
energy Ec and resonance spacing ∆Vbg.
Sample fabrication
The fabrication process is illustrated in Figure 1(c).
The NWs are sulfur passivated in the first step, using
the same ammonium polysulfide treatment as in the pre-
vious section, then a mask is created using EBL (step
2). Unlike in the case of piranha etching, the samples
were not treated with oxygen plasma after developing
the mask. After development metallic contacts were vac-
uum evaporated with 5/120 nm Ti/Au layer structure.
Without stripping the resist the NW surfaces in the un-
dercut were reoxidized by an oxygen RIE treatment (step
3), as in the piranha etching method. Then the samples
were etched in solutions IV and V described in Table I
for times ranging in 10–15 seconds, continuously stirring
the solution with a magnetic stirrer (step 4). Following
lift-off (step 5) the samples were inspected by SEM and
electronic transport experiments were carried out at low
temperatures on a subset of devices.
Results
Figures 4(a-b) show SEM images of two different NWs
which were etched in a solution prepared as given by
recipe IV for 10 seconds at 23.5◦C. Although the two
NWs were on the very same silicon substrate, within
500 µm distance of each other, and went through the
same fabrication process, the effect of etching was dra-
matically different. The NW on Figure 4(a) is completely
cut on the two sides of the contact with a sharp profile,
on the other hand, the NW on Figure 4(b) is only slightly
etched. The main difference between these two NWs are
the areas of the metallic electrodes, marked by A1 and
A2 in the figure. The area A1 is much larger than A2
because the outer parts of electrode on 4(a), outside the
SEM image, are wider and end in a large bonding pad,
while the electrode on 4(b) is not connected, similarly to
the two electrodes on the left side in Figure 4(c). While
A2 ∼ 1 µm2, the larger electrode area A1 ∼ 105 µm2.
Furthermore, comparing the results with the previous
section, although the etching solution in IV is signifi-
cantly more dilute than the previous ones, it resulted in
stronger etching of NWs with large electrode areas. This
faster etch rate and the dependence on the electrode area
has been qualitatively observed across multiple samples
and we attribute it to a local galvanic element formation
[25].
Upon close inspection of Figure 4(a) we find that the
NW segment below the contact is still present despite the
complete dissolution of the neighboring etched parts. We
note that on NWs equipped with multiple electrodes dif-
fering in areas, an example shown on Figure 4(c), we did
not observe a systemic variation of the etching within
the same NW as a function of the individual electrode
area. We believe that as long as the NW conducts elec-
6trically, the overall electrode area is determining the etch
rate, not the individual electrode areas. As the etching
proceeds and the NW is cut, the NW segments decouple
and the process may continue with different rates in each
part.
To reduce the etch rate and gain control over the pro-
cess the etching solution was diluted and we omitted the
hydrogen peroxide. Essentially, the sample shown in Fig-
ure 4(d) was etched in a very dilute sulfuric acid solution
(see solution V in Table I) for 15 seconds at 24◦C. In
the view of the principle of piranha etching, that is, the
oxidization of the semiconductor surface by an oxidizing
agent, and the subsequent dissolution in the acid [25],
the etching effect in sulfuric acid alone is surprising. The
complete description of the chemical processes, including
the energetics and charge transfer kinetics is beyond the
scope this paper, but we explain our results as follows
[28–30]. In the absence of hydrogen peroxide the role of
the oxidizing agent is played by the solved O2 and/or
the H+ protons originating from the dissolution of sulfu-
ric acid. In the former case the production of OH−, in
the latter case the reduction of protons is taking place
on the metallic electrodes (cathodic reaction), injecting
holes into the semiconductor NW via the ohmic contact.
The semiconductor is oxidized by the holes and dissolves
(anodic reaction).
Comparing the NW on Figure 4(c) with the one on
Figure 3(a), one can observe that the galvanic method
has lower reproducibility. The original diameter of the
NW in Figure 4(c) is 125 nm, while the reduced diam-
eters vary between 85 nm and 30 nm. The rise of the
variance can be attributed to the increased complexity
of the underlying chemical processes.
The NW device shown on Figure 4(d) was etched in
solution V for 15 seconds at 24◦C. From left to right, the
diameters on the etched parts are approximately 90 nm,
50 nm, 60 nm and 25 nm, while the original diameter is
130 nm. Although the inner two etched segments be-
tween the metallic electrodes are similar in diameter,
their etch profiles are markedly different. The electric
conductance of this NW was investigated using the two
electrodes as source (S) and drain (D), and the doped
Si substrate below 300 nm SiO2 as a global backgate.
The sample was cooled to 230 mK in a He-3 cryostat.
The differential conductance, defined as G = dIsd/dVsd
was measured with lock-in technique, by mixing a small
sine excitation Vac = 10 µV with a frequency 79 Hz to
the dc bias and registering the ac response. The differ-
ential conductance measured as the function of dc bias
voltage Vsd and backgate voltage Vbg is shown on Fig-
ure 4(e). The regions of zero conductance are Coulomb
diamonds, which are characteristic for the transport of
quantum dots (QD). From this measurement we extract a
charging energy of Ec = 3.7 meV, and from the spacing of
zero bias Coulomb resonances ∆Vbg = 31 mV, we deter-
mine the backgate capacitance Cbg = e/∆Vbg = 5.2 aF.
Assuming that the broadening of Coulomb resonances is
determined by the lifetime broadening (low temperature
limit), the tunnel coupling strength Γ = Γs + Γd can be
estimated [31]. Using the lever arm of the backgate αbg =
Ec/(e∆Vbg) = 0.12 and the full-width-at-half-maximum
of the resonance broadenings we get Γ = 300 µeV. From
excited state lines outside the Coulomb diamonds we ex-
tract an orbital level spacing of ∼ 1 meV.
The value of the charging energy and backgate capac-
itance is in the typical range for InAs NWs with similar
diameters and 375 nm contact spacing [32]. However,
the Coulomb blockade region is usually observed at neg-
ative backgate voltages. In this sample the conductance
was quenched at zero backgate voltage and positive volt-
ages were applied to induce a finite current. In general,
the threshold gate voltage where the NW is depleted and
the conductance in pinched was shifted to more positive
values in the etched NW samples.
The Coulomb diamonds are only tilted to a small ex-
tent, indicating that the source and drain capacitances
are similar. The Breit-Wigner formula describes the
shape of zero bias Coulomb resonances in the low temper-
ature limit. In this limit the conductance maximum of
a resonance is 4ΓsΓd/(Γs + Γd)
2 in units of conductance
quantum G0 = 2e
2/h. In the symmetric case Γs = Γd
the fraction yields unity. The strongest zero bias reso-
nance in the measurement has a conductance maximum
0.07 G0. Attributing all the reduction to the coupling
asymmetry (neglecting any other resistance in series) we
estimate an upper limit for Γd/Γs ∼ 50.
All these findings are consistent with the picture that
the observed quantum dot is confined by the etched NW
segments next to the contact.
Method III: Alkaline etching
The wet etch methods presented in the previous sec-
tions allow the creation of NW geometries with sharp
profiles. In this section we introduce a technique based
on etching with an ammonium polysulfide solution which
yields a smooth transition with conical morphology. This
shape can be preferred for certain applications, for exam-
ple to create quantum point contacts or nanogaps.
Sample fabrication
The ammonium polysulfide solution commonly used
for the removal of the native surface oxide etches the
InAs material as well, although with a lower etch rate.
Hence, for the patterning of the NW a solution with con-
centration higher than used for ohmic contact formation
is more practical.
The process is shown on Figure 1(d). After transfer-
ring the NWs onto the silicon substrate the sample is
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FIG. 5. Results of the alkaline etching method. (a) Schematic
illustration of the intermediate state after the wet etch.
Asymmetric and smooth etch profiles are created, α and β
denote the cone angles of the tapered NW segments. Yellow
circle symbolizes the golden catalyst used for the NW growth,
determining the crystallographic direction of the NW axis.
(b) SEM image of the NW device with source (S), drain (D)
electrodes and a side gate (SG). Dashed lines spanning (a) and
(b) mark the position of the etch mask openings, d ∼ 110 nm
is the distance between the thinnest NW part and the corre-
sponding etch window. (c) Differential conductance of a NW
processed with the alkaline method, measured as a function of
bias and backgate voltage at fixed side gate voltage Vsg = 0.
Ec and ∆Vbg are the charging energy and resonance spacing,
respectively.
spin coated with a 150 nm thick PMMA film. The re-
sist is exposed with a 30 keV electron beam which is
followed by cold development, resulting in 40 nm wide
open strips crossing perpendicularly the NW. Then the
sample is etched in a 4% ammonium polysulfide solution
saturated with sulfur. Following rinsing in DI water we
strip the mask, and in a second lithographic cycle elec-
trical contacts are made further apart from the etched
locations.
Results
An SEM image of a NW fabricated with the alkaline
method is shown Figure 5(b). The etch profile is more
smooth compared to the acidic methods, and in each etch
window two conical NW segments are formed, pointing
in opposite directions. At the same time the profile ex-
hibits a remarkedly strong asymmetry, one of the cones
is more elongated than the other one. This asymmetry
can be characterized quantitatively by the cone angles α
and β shown in Figure 5(a). Consistently across mul-
tiple samples, α ∼ 15◦ and β ∼ 6◦ was found. In ref-
erence [15] a similar tapering was reported in chemical
etching of GaAs segments in heterostructure NWs and
was interpreted as an enhancement of an initial taper-
ing. In our case the appearance of two segments with
opposite tapering and different cone angles calls for a
different explanation. We think that the lack of mirror
symmetry of the wurtzite structure [33] with respect to
the NW axis leads to the directional dependence of the
etch rate and through that to the observed asymmetric
double cone morphology. The diameter of the narrowest
part of the NW is 20 nm, while the original diameter is
90 nm. Counterintuitively, the constriction is made at a
distance d ∼ 110 nm from the center of the etch window
(see Figures 5(a-b)). The etch rate calculated using the
reduction of diameter at this thinnest part is ∼5 nm/min.
Conductance measurements have been carried out to
investigate the transport properties of a NW device with
such a geometry. The differential conductance measured
at T = 230 mK in the Coulomb blockade regime is shown
on Figure 5(c). Repeating the same analysis as in the
previous section, we get Ec = 3 meV, ∆Vbg = 15 mV,
αbg = 0.2, Cbg = e/∆Vbg = 11 aF and Γ = 170 µeV. Ad-
ditionally, the ratio of the backgate and side gate lever
arm is determined from the conductance measured at
zero bias as the function of Vbg and Vsg (not shown),
yielding αbg/αsg = 3.5. Compared to the device in Fig-
ure 4(c), the backgate lever arm and capacitance is in-
creased. This is the consequence of the reduced screening
of the leads placed further from the QD. Based on the
same symmetry considerations of the Coulomb diamonds
as in the previous section, we conclude that the QD is
formed between the two constrictions. This is consistent
with the lever arm ratio, both gates are at a distance
∼300 nm from the QD, but the dielectric permittivity
∼ 3.9 of the silicon dioxide increases the effect of the
backgate.
The highest zero bias conductance maximum was ∼
0.15 G0, and the corresponding estimate of coupling
strength asymmetry is Γs/Γd ∼ 25. Since the contact-
ing electrodes are far apart from the barriers defining
the QD, it is plausible to assume that the NW segments
between the QD and the leads contribute to the resis-
tance substantially, making the asymmetry estimation
pessimistic.
8CONCLUSIONS
We have shown three wet chemical etch methods for
the post-growth engineering of InAs NWs. These meth-
ods allow the thinning of NWs on lithographically defined
segments. Two of them are well-suited to fabricate elec-
trical contacts on top or next to the etched parts in a
self-aligned way, the third one creates a smooth conical
NW profile.
The piranha and alkaline methods are found to be ro-
bust and reliable. In these methods the control of the
etched NW diameter is limited by the deviation of diam-
eter in the growth. The individual NW diameter can be
measured by an SEM prior to etching and the etching
time can be adjusted. The galvanic etching proved to
be less reproducible due to the complexity of the chem-
ical processes making the etch rate depend on the con-
tact electrode surfaces. The reproducibility in this case
could be improved by breaking the sample fabrication
presented in Figure 1(c) into two lithographic steps, first
creating electrodes with a small, well-defined contact area
for the etching, and in a second step adding large elec-
trodes necessary for wire bonding. We note that this
modification does not sacrifice the self-aligned nature of
the etching.
Low temperature experiments show that NWs with
etched segments have stable transport characteristics and
can serve as building blocks of quantum electronic de-
vices. As an example we show that QDs can be formed
between two etched segments. The demonstrated post-
growth wet etch methods could be applied in other quan-
tum devices, for example forming QPCs with adiabatic
confinement, strongly motivated by the search for Majo-
rana Fermions in such wires [34].
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